Neutral red (NR) in the culture medium entered the vacuoles of a green alga, Micrasterias pinnatifida, at a higher rate at pH 8 than at pH 5. NR remained soluble in vacuoles of cells cultured at pH 5, while it precipitated and formed granules in cells cultured at pH 8. The vacuoles of cells cultured at pH 8 contained fibrils, but those of cells cultured at pH 5 did not. The amount of NR that entered the cells was markedly reduced by the addition to the medium of nigericin at 10~5M, monensin at 10~5M, bafilomycin A, at 10~s M, or ammonium chloride at 50 mM. The formation of NR granules in vacuoles were strongly inhibited and the disorganization of NR granules were accelerated by the addition of nigericin at 10~5 M, or bafilomycin A, at 10~5 M to the culture medium. The possibility is discussed that NR which enters vacuoles might become positively charged (NRH + ) by protons brought into vacuoles by proton pumps and that NRH + might combine with some negatively charged macromolecules to form aggregates or granules.
Most plant cells contain vacuoles as their constituent organelles, or compartments. These vacuoles have various functions that depend on the type of cell (Matile 1978 , Boiler and Wiemken 1986 , Ryan and Walker-Simmons 1983 , Chrispeels 1991 , Wink 1993 . The functions of vacuoles include storage and lytic functions. Vacuoles accumulate sugars (Doll et al. 1979, Kaiser and Heber 1984) , alkaloids (Pham and Roberts 1991) , proteins (Chrispeels 1991 , Akazawa and Hara-Nishimura 1985 , Hara-Nishimura et al. 1987 , organic acids and ions (Ryan and Walker-Simmons 1983) , and they can take up and degrade various cellular organelles (Matile 1978, Chida and Ueda 1992) .
Compounds that are stored in vacuoles must cross the vacuolar membrane, or tonoplast, against a concentration gradient. For some compounds, active transport is coupled directly or indirectly with the actions of specific pumps that Abbreviations: DCCD, dicyclohexylcarbodiimide; DMSO, dimethylsulfoxide; NR, neutral red. 1 To whom correspondence should be addressed. require energy (Ohsumi and Anraku 1981 , Hedrich and Schroder 1989 , Rea and Sanders 1987 . As a result of such active transport, certain compounds can be accumulated and stored in vacuoles. For the accumulation of other compounds that enter vacuoles by diffusion, without the consumption of energy, trapping devices must be present in vacuoles to prevent the return of the compounds to the cytoplasm after their entry into the vacuole. For example, anthocyanin is trapped by spherical bodies (Kubo et al. 1995) , arginine cations are immobilized by binding to vacuolar polyphosphate anions (Matile 1978) , and the trans isomer of coumaric acid glucoside is converted in vacuoles to the cis form which cannot cross the tonoplast to return to the cytoplasm (Rataboul et al. 1985) .
We report here an examination of the mechanism of accumulation of neutral red in the vacuoles of the green alga Micrasterias pinnatifida. Neutral red (NR) has been used extensively for the vital staining of vacuoles (Drawert 1968) since Guilliermond (1930) identified it as the most suitable dye for the staining of vacuoles. It penetrates cells and reaches vacuoles easily. The entrance of NR into vacuoles can be clearly seen under the light microscope because of its red color. The toxicity of NR to cells is low as compared to that of various other kinds of dye (Guilliermond and Gautheret 1938) .
Materials and Methods
Cells of Micrasterias pinnatifida were cultured at 20°C in the Waris medium (1950) . Cultures were illuminated daily for 14 h at a photon flux density of SO^mol m~2 s~'.
In most cases, cells were cultured for 16 h in Waris culture medium that contained 10 mM phosphate buffer (at pH 8 or pH 5) prior to experiments.
For measurement of the amount of NR taken up by cells, we treated cells with Waris culture medium that contained 10 mM phosphate buffer at a specific pH and NR at a concentration of 0.4 units of absorbance at 455 nm (A455). After treatment for 30 min, cells were washed 3 times with 10 mM phosphate buffer (pH 8) for 5 min in all, and then they were immersed for 15 min in 1.5 ml of phosphate buffer (pH 8) that contained 50 mM NH 4 C1. The amount of NR that was leached out of the cells was measured as A455. For treatment with an ionophore or an inhibitor, cells were incubated for 30 min with a chemical in buffered culture medium. NR was then added in the medium that contained the chemical. After incubation for 30 min, cells were washed and the incorporated NR was quantitated as described above.
For observations of the formation or disorganization of NR granules, we used cells that had been cultured for 16 h in Waris me-dium that contained 10 mM phosphate buffer at pH 8. NR was added to the buffered medium at a concentration of 0.2 (A 435 ), and cells were immersed for 15 min in this medium. Then the number of cells that contained NR granules in their vacuoles was counted under the light microscope. For treatment with an ionophore or an inhibitor, cells were incubated for 30 min in a medium with a chemical at the appropriate concentration and then NR was added at a concentration of 0.2 (A455) to the medium. For observations of the disorganization of NR granules, cells that had been formed NR granules were immersed for 30 min in a medium that contained NR and a test chemical. Then, NR granules were counted.
For electron microscopy, cells were cultured for 16 h in Waris medium that contained 10 mM phosphate buffer and subjected to freeze-substitution (Ueda and Noguchi 1986) . Some cells were immersed for 15 min in the culture medium that contained 10 mM phosphate buffer (pH 8) and NR at a concentration of 0.2 (A 455 ). They were embedded in Spurr's resin, sectioned with an ultramicrotome, and examined with an electron microscope (Hitachi 7000 type).
Results
The amount of NR accumulated in cells was larger when NR was added to alkaline culture medium than when it was added to acidic medium (Fig. 1) . For example, NR in the medium at pH 8 penetrated the cells about 5 times more effectively than that in the medium at pH 5. At pH 8, the rate of penetration of NR was similar regardless of whether cells had previously been cultured in acidic or alkaline medium. In both groups of cells, NR penetrated the cells to nearly 50% saturation within 5 min after the start of treatment, and NR reached an almost saturating level in cells 30 min after the start of treatment under the present experimental conditions (Fig. 2) .
The penetration of NR into cells was largely inhibited by ionophores, inhibitors of proton pumps, and some other chemicals (Table 1) . Among the chemicals examined, nigericin at 10~s M, monensin at 10" 5 M, and bafilomycin A! at 10~5 M strongly inhibited the penetration of NR to 14-22% of the value in control cells. The penetration was also strongly affected by 50 mM NH 4 C1. Vanadate (10~4 M), which is assumed to be an inhibitor of the proton pump in the plasma membrane was not a very effective inhibitor of the penetration of NR, unlike bafilomycin A,, an inhibitor of the proton pump in the vesicular or vacuolar membrane (Yoshimori et al. 1991) . Dicyclohexylcarbodiimide (DCCD), which combines with the 17-kDa subunit of the proton pump (Arai et al. 1987) in the vacuolar membrane, was less effective in inhibiting the penetration of NR than bafilomycin A,.
Light microscopy revealed that NR remained in a soluble state in the vacuoles of most cells cultured in acid medium while it precipitated as small granules in the vacuoles of many cells cultured in neutral or alkaline medium (Fig. 3) . Cells cultured for 16 h in pH 8 medium were used. NR at a concentration of 0.4 (A^s) was added to culture medium that contained 10 mM phosphate buffer (pH 8) and each chemical. The amount of NR taken up by cells was measured in terms of (A 455 ). The means and the SD of results from three replicate experiments are shown. A. A cell after culture for 16 h in pH 5 medium. NR is included as a soluble state and is homogeneously distributed in the vacuole. B. A cell after culture for 16 h in pH 8 medium. NR is included as precipitated granules in the vacuole. x 500.
About 71% of the cultured cells at pH 6 had homogeneously colored vacuoles, 2% of them contained NR granules, and the remaining 27% contained no granules or colored vacuoles (Fig. 4) . Cultured cells in medium at pH 8 (abbreviated below as pH 8 cells), by contrast, contained granules in 79% of cases, colored vacuoles in 10%, and no granules or colored vacuoles in 11%. The proportion of cells with granules relative to the total number of cells varied among cultures within a range of 48-90%. When cells were cultured in pH 5 medium and then transferred to pH 8 medium, cells accumulated NR granules with the concomitant loss of soluble NR in their vacuoles (Fig. 5) .
Under the experimental condition on Fig. 5 , no cells contained granules 1 h after transfer to pH 8 medium.
Granules appeared in cells 4 h after transfer, when vacuoles in 33% of total cells contained granules. The cells containing granules increased in number until 24 h after transfer, when vacuoles in more than 80% of total cells contained granules. NR granules in pH 8 cells decreased in number when the pH 8 cells were transferred to pH 5 medium (Fig. 6 ). NR granules were seen initially in about 70% of cells, but they were seen in only about 30% of cells 3 days after the transfer. Few cells contained NR granules on the 4th day after the transfer to pH 5 medium. Time( hours) Fig. 5 The frequency of cells that contained NR in the soluble state or in the granular state as a percentage of total cells after transfer to pH 8 medium from pH 5 medium. Cells were incubated for 15 min in pH 8 medium that contained NR at the indicated times after transfer, and then they were examined. Time( days) Fig. 6 The frequency of cells that contained NR in the soluble state or in the granular state as a percentage of total cells after transfer to pH 5 medium from pH 8 medium. Cells were incubated for 15 min in pH 8 medium that contained NR at the indicated times after transfer, and then cells were examined.
The number of cells that contained NR granules in the presence of various metabolic inhibitors was determined and the results are summarized in Table 2 . The cells were cultured in pH 8 medium. The ability to form NR granules in vacuoles varied among different cultures between 48 and 75.4%. Ethanol by itself (0.5%, v/v), in which nigericin and bafilomycin A, had each been dissolved, showed no effect on the formation of NR granules. DMSO (0.2%, v/v) in which DCCD and cytochalasin B had each been dissolved inhibited the formation of NR granules by about 50%. Nigericin (10~5M) completely inhibited the formation of NR granules. DCCD and cytochalasin B were not very effective in prevent the formation of NR granules at a concentration of 10~5 M, but they were each effective at 10~4 M. Their inhibitory effects were lower than those of nigericin and bafilomycin A, if we also consider the inhibitory effect of DMSO.
The effects of nigericin, bafilomycin A,, and DCCD on the disorganization of NR granules in the vacuoles are shown in Table 3 . Nigericin (10~5 M) and bafilomycin A ( (10~s M) effectively disorganized the NR granules. DCCD (10~4 M) did not strongly accelerate the disorganization of the granules.
An electron micrograph of a cell cultured in pH 5.5 medium is shown in Fig. 7(A) . The vacuole shown was electron-lucent and had few fibrillar inclusions. Five h after transfer from pH 5.5 to pH 8 medium, wavy fibrillar substances appeared in the vacuole (Fig. 7B) . Such fibrils increased in number as cells were cultured for a longer time in pH 8 medium. Fig. 7(C) shows the vacuoles of a cell that had been cultured for 16 h at pH 8. Abundant straight and wavy fibrils, as well as many small vesicles, were distributed throughout the vacuoles. Neutral red granules appeared as electron-dense granules in cells that had been treated for 15 min with NR. Their central regions were homogeneous, but their surfaces seemed to be covered with fibrillar networks that included small vesicles (Fig. 7D) . Fibrillar networks (large arrowhead in Fig. 7D ) that covered the NR granules or were located near the NR granules were thicker than the fibrils (small arrowhead in Fig. 7D ) situated at a distance from the NR granules and than the thin fibrils observed in vacuoles in the absence of treatment with NR. Small globules or vesicles (arrow in Fig. 7D ) which might contain NR were frequently attached to the thick fibrils or the thick network. A small amount of material was also attached to the thin fibrils as node-like thickenings (double arrowheads in Fig. 7D ).
Discussion
NR is uncharged and nonionized in alkaline solutions, but it has a single positive charge in weakly acidic solutions and a double positive charge in strongly acidic solutions (Fig. 8) . Generally, biomembranes are permeable to nonionized substances, and not to ionized substances. The permeability to NR of the plasma membranes or the tonoplast of Micrastehas pinnatifida seems to depend on whether NR is ionized or not. In the present investigation, we confirmed that nonionized NR in pH 8 culture medium could cross the plasma membrane and tonoplast 5 times more efficiently than ionized NR in pH 5 culture medium. Nishimura (1982) observed that the tonoplast of isolated vacuoles from castor bean was permeable to nonionized NR. Vacuoles in plants usually include many protons that have entered via the proton pumps that are inserted in the tonoplast (Bremberger et al. 1988 , Sze 1985 . Vacuolar sap is usually acidic as a result of the presence of these protons (Smith and Raven 1979, Sze 1985) . The vacuole in Micrasterias pinnatifida had a pH of 5.4 (to be published elsewhere). NR that has entered the vacuole of Micrasterias pinnatifida is ionized by protons (Fig. 9A) . The ionized neutral red (NRH + ) can no longer return to the cytoplasm because the tonoplast and the plasma membrane are impermeable to ionized NR. Hence, the NRH + should accumulate in the vacuoles. With the accumulation of NR in vacuoles of Micrasterias pinnatifida, red coloration became visible under the light microscope. The red contents of vacuoles suggest that the inside of vacuoles is acidic.
In pH 5 cells, the intensity of red coloration of vacuoles increased during incubation with NR for 30 min. In these cells, NR was soluble in vacuoles and scarcely any NR granules were formed. Thus, the vacuoles in pH 5 cells lacked some factor that caused NR to precipitate as it did in pH 8 cells. NR granules were visible 4 h after transfer to pH 8 medium and they then increased in number for 20 h. The factor required for the formation of granules might be induced during this period. Electron microscopy clearly revealed thin fibrils that formed in vacuoles of cells transferred from pH 5 to pH 8 medium. The number of thin fibrils appeared to increase as the cells with NR granules increased in number. It seems likely that these fibrils are the factors that form granules with NR. The thin fibrils might combine with NRH + and then precipitate to form NR granules. The fibrils situated on the surface of NR granules and near the NR granules were thicker than the fibrils at a distance from the NR granules. The thickening of thin fibrils to form thick fibrils can be followed in Fig. 7 . NR attached to the thin fibrils to form the small nodes (double arrowhead), and the nodes increased in length to form thick fibrils. Networks of thick fibrils (large arrowhead in Fig. 7D ) developed as more NR attached to the thin fibrils. The thick fibrils and/or the networks of thick fibrils might fold or become entangled to form NR granules. The NR granules increased in size by the addition of the new networks at their surfaces or by the addition of NR transferred along the surfaces of the networks.
The factors, or thin fibrils, that form granular precipitates with NR might be macromolecular substances with many negative charges. NRH + could combine ionically with such charge materials (Fig. 9B) . NRH + is, itself, a relatively large molecule so that the thin fibrils, combined with many NRH + , are difficult to keep their straight or wavy forms and become entangled to form NR granules (Fig. 9C) . We have not yet examined to identify such macromolecules with negative charges. Polyphosphates are possible candidates for such macromolecules. They are longchain molecules and are ionized in solution. Yeast cells, algae, and cyanobacteria accumulate large amounts of polyphosphates (Wood and Clark 1988) . In yeast cells, polyphosphates were assumed to be involved in the accumulation of arginine cations in vacuoles (Matile 1978) . The hydrolysis of polyphosphate within acidic vacuoles in response to amine-induced alkaline stress has been reported in pH homeostasis in the halotolerant alga Dunaliella salina (Pick and Weiss 1991) . Pectins are also possible candidates. They are polymers of uronic acid with charged Portions of a cell including vacuoles are shown. A. A cell cultured continuously in pH 5 medium, x 3,300. B. A cell cultured in pH 8 medium for 5 h after transfer from pH 5 medium, x 34,000. C. A cell cultured in pH 8 medium for 16 h after transfer from pH 5 medium. Few fibrils are seen in the vacuoles (V) in the cell (A), several are seen in the cell (B), and many are seen in the cell (C). x 44,000. D. NR granules and fibrils in the vacuole of a cell that was cultured for 16 h in pH 8 medium. The small arrowhead points to thin fibrils, a double arrowhead to a node of thin fibrils, a large arrowhead to a thick fibril, and an arrow to a small globule of NR. x 34,000.
carboxyl groups. The formation of pectins in the young (Tutumi and Ueda 1975, Noguchi 1978) . cells of Micrasterias has been reported (Ueda and Yoshioka Ionophores, such as nigericin and monensin, strongly 1976). Polysaccharides have been detected histochemically inhibited the uptake of NR into cells (Table 1 ) and the in the vacuoles and dictyosomal vesicles in Micrasterias formation of NR granules in vacuoles (Table 2 ). These ionophores destroy the concentration gradients of protons, potassium or sodium ions across membranes. Consequently, the concentration of protons in vacuoles becomes nearly the same as that in the cytoplasm, with resultant elevation of the pH in the vacuole to slightly above 7. Then, NR that has passed through the tonoplast does not become charged, and it cannot combine with negatively charged macromolecules. NR can also pass back into the cytoplasm by diffu-(D) Fig. 9 Scheme for the formation and disorganization of NR granules in the vacuole. Proton pumps transfer protons into the vacuole and NR that has passed through the tonoplast becomes positively charged (NRH + ) by protons (A). NRH" h combines with negatively charged macromolecular compounds (B), and forms aggregates (C). The fine fibrils seen in the vacuoles of pH 8 cells may be negatively charged macromolecular compound. The aggregates increase in volume by the adhesion between them to form the NR granules. Treatments with ionophores, inhibitors of proton pumps, or ammonium ions result in the flow of protons from the vacuole to the cytoplasm (D), inducing the dissociation of NRH + from macromolecules and the further dissociation of NR and H + . Macromolecules which have lost NRH + become separated from the NR granules, and the NR granules are disorganized (E) remaining the expanded macromolecules (F), or fine fibrils, in the vacuoles. sion without accumulating in vacuoles. In this way, ionophores could prevent the uptake of NR in cells and the formation of NR granules in vacuoles. NH 4 C1 elevates the pH in the vacuoles (Dean et al. 1984, Pick and Weiss 1991) , and its strong effect on the uptake of NR might have been due to the elevation of the pH in the vacuole.
The disorganization of NR granules by treatment with ionophores (Table 3) can be similarly explained. If large amounts of protons diffuse from the vacuole to the cytoplasm in response to ionophores, NRH + that had combined with anionic macromolecules would separate from such molecules and NRH + would dissociate into NR and a proton (Fig. 9E) . The dissociated protons would be carried outside the vacuoles by ionophores and the nonionized NR would pass through the tonoplast into the cytoplasm (Fig. 9D) according to the concentration gradient of NR. Thus, the continuous break down of NR granules would occur. After dissociation of NRH + , the anionic macromolecules would remain in the vacuoles (Fig. 9F) .
Bafilomycin A,, which is a specific inhibitor of vacuolar-type H + -ATPase, inhibited the uptake of NR by cells (Table 1 ) and the formation of NR granules in vacuoles (Table 2) , and it accelerated the disorganization of preexisting NR granules (Table 3) , as did the ionophores. Bafilomycin A, might inactivate proton pumps on the tonoplast also in the cells of Micrasteriaspinnatifida, with resultant elevation of the pH in the vacuoles. In these vacuoles, NRH + would separate from macromolecules and dissociate NR and H + , which could flow out of the vacuoles. The involvement of proton pumps in the transfer of NR across the tonoplast was not examined in the present experiments.
The mechanism, which was represented in scheme in Fig. 9 , is not operated only on the accumulation of NR in the vacuoles. A group of chemicals may be trapped and accumulated by the same mechanism irrespective of whether they are metabolites of cells or artificial ones, if they have the positive charges in acidic solutions. For example, acridine orange remained in a soluble state in the vacuoles of pH 5 cells of Micrasterias, while it precipitated as granules in the vacuoles of pH 8 cells just like NR (data not shown). Acridine orange is partially ionized in solutions between pH 6-12, and completely ionized in solutions of pH values below than 6 (Drawert 1968) . This means that acridine orange has a positive charge in the vacuole. It is most likely that acridine orange with positive charges combines with the fine fibrils of macromolecular compounds in the vacuoles to induce the aggregation and formation of granules by the mechanism shown in Fig. 9 .
Morphological observations suggest that some thin fibrils are brought into vacuoles by vesicles derived from the Golgi apparatus (Noguchi 1978) . In the present case, considerable amounts of thin fibrils required for the formation of NR granules are brought into the vacuoles perhaps from the Golgi apparatus within 4 h in cells after transfer to pH 8 medium from pH 5 medium. Once the fibrils have been incorporated into vacuoles, they seem to be remain for at least 2 days since cells transferred to pH 5 medium retained the ability to form NR granules for two days after transfer (Fig. 6) .
Cytochalasin B has been reported to block the intracellular movement of vesicles (Mollenhauer and Morre 1976) . It slightly inhibited the penetration of NR into vacuoles. NR probably passes mainly into vacuoles from the culture medium through the plasma membrane, the cytoplasm, and the tonoplast without the involvement of any vesicles and is then accumulated in the vacuoles.
